In this study, influence of various microwave-convective air drying applications on drying kinetics, color and sensory quality of dill leaves (Anethum graveolens L.) were investigated. In general, increasing the drying air temperature decreased the drying time, and increased the drying rate. Increasing microwave pulse ratio increased the drying time. Page, Logarithmic, Midilli et al, Wang & Singh and Logistic models were fitted to drying data and the Page model was found to satisfactorily describe the microwave-convective air drying curves of dill leaves. Comparing to the fresh dill, lightness (L*), greenness (-a*) and yellowness (+b*) decreased for all drying applications. The deviation from fresh product color (∆E*) increased as pulse ratio increased and drying air temperature decreased. Considering the product quality, continuous microwave-convective air drying combinations gave better results than intermittent microwave-convective air drying in terms of color and sensory evaluation results. 
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Drying is one of the oldest methods of food preservation preventing microbial growth and delaying onset of some unwanted biochemical reactions. However, drying may cause thermal damage thus affecting the physical and chemical properties of the product adversely. It is very important to protect physical and chemical properties of the product for the consumer acceptance since there is an increased consumer demand for the processed products keeping more of their original characteristics.
Hot air drying is a simple and common drying method used for the drying of vegetables or fruits. Product quality is usually below the desired level due to inefficient heat transfer method. Long drying time results in shrinkage, reduced rehydration capacity, loses in color and aroma (Nijhuis et al 1996) . Due to rapid reduction of surface moisture especially during the falling rate periods, hot air drying often results in reduced moisture transfer and, sometimes, reduced heat transfer. Microwave drying offers an alternative way to improve the quality of dried products by reducing the drying time (Beaudry et al 2003; Nindo et al 2003; Torringa et al 2001; Venkatesh & Raghavan 2004) . Microwave drying has the advantages of selective heating since water molecules in the product are directly targeted by microwave energy and heat is produced inside the product. Therefore, compared to conventional hot air drying, microwave drying is rapid, more uniform and more energy-efficient and the removal of moisture is accelerated.
Microwave drying techniques were effectively used for a number of aromatic plants such as oregano (Yousif et al 2000) , thyme , rosemary (Arslan & Ozcan 2008) , mint (Soysal 2005; Therdthai & Zhou 2009) and parsley (Soysal 2004) . Although microwave drying may be regarded as a rapid dehydration process, nonuniformity of electromagnetic field could create hot spots during microwave drying resulting in rapid mass transfer which in return could damage the texture in some cases. In addition, at the final stage of drying, product temperature might be increased rapidly to the level that causes scorching (Zhang et al 2006) . Therefore, instead of sole microwave drying, microwave-convective air drying (Funebo & Ohlsson 1998; Prabhanjan et al 1995) , vacuum microwave drying (Yongsawatdigul & Gunasekaran 1996) and intermittent microwave drying (Chua & Chou 2005; Gunasekaran 1999) techniques could be used to prevent excess heating in the dried product, to increase energy efficiency and to produce better quality dried product.
The objective of this study was to determine the effect of intermittent and continuous microwaveconvective air drying on dried product quality (color and sensory), drying time and drying rate of dill leaves.
Materials and Methods

Plant material
Fresh plant material (Anethum graveolens) used in the drying experiments was harvested from a local farm and immediately brought to the laboratory. The samples were stored at 4.0 ± 0.1°C. The initial moisture content of the fresh dill leaves is determined using the oven method (AOAC 2000) and the average initial moisture content of the material ranged from 5.67 to 6.29 kg [H 2 
Drying experiments
Continuous and intermittent microwave drying was carried out in a custom designed and fabricated microwave-convective air drying system (Soysal et al 2009) (Figure 1 ). The power of microwave oven has been determined as 597.20 ± 6.89 W by using IMPI 2-liter test (Buffler 1993) . Before each drying experiment, the material was allowed to reach room temperature. Dill leaves separated from stems and placed uniformly on the rotating glass tray. In each drying experiment, about 100 g fresh material was dried at an air flow speed of 1.2 ± 0.20 m s -1 . The air velocity was measured by an anemometer (Extech Instruments CFM thermo-anemometer 407113, Waltham, MA, USA, accuracy ± 0.01m s -1 ). The sample weight was measured without stopping the drying process by a digital balance (Sartorius TE3102S, Germany, 3200 ± 0.01 g) placed under the rotating glass tray (diameter: 314 mm, mass: 1150 g) to continuously measure the mass of the material being dried. Drying experiments were stopped when the moisture content decreased below 0.10 kg [H 2 O] kg -1
[DM] and the mass of the sample was recorded in every minute. For microwave-convective air drying treatments, the pulse ratio was calculated using the Equation 1:
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Mathematical modeling of drying curves
The experimental data were fitted to five different moisture ratio (MR) models, namely Page, Logarithmic, Midilli et al, Wang & Singh and Logistic, to 
Sensory evaluation
Sensory evaluation of dried dill leaves were performed by a sensory panel of 8 trained judges. Panelists were asked to evaluate visual appearance, color, texture, flavor and overall acceptability using 9 point scale, where 9 corresponded to excellent and 1 corresponded to unacceptable. Scores of 5 and above were considered as acceptable for commercial purposes.
Color analysis
The color of dried product was measured by using a Minolta (CR-400) Chromameter (Osaka, Japan) using the CIE scale L*a*b*. The values of L*, a* and b* present darkness-lightness, greennessredness and blueness-yellowness, respectively. The equipment was set up for illuminant C and calibrated using a standard white reflector plate. Ground material color measurement apparatus was used to measure the color of dried material. The deviation from the raw material color was represented as ∆E* and was calculated according to Equation 4:
where; L o , a o and b o refers to the color reading of fresh dill leaves. The data were presented as means of 30 independent measurements for each treatment.
Statistical analysis
The research was conducted using randomized plots factorial experimental design. The factors were
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drying temperature (30, 40, 50°C) and pulse ratio (PR1, PR2, PR3, PR4). All the experimental treatments were conducted in three replicates. Data were subjected to analysis of variance (ANOVA) using Statistical Analysis System software program (version 8.02, SAS Institute, Cary, NC, USA). Duncan's test was used to compare means at the 5% significance level (P ≤ 0.05). Contrast comparisons were also applied for color parameters. In general, as the PR decreased, the drying curve exhibited a steeper slope for all microwaveconvective air drying treatments, implying that drying rate increased with decrease in PR. This resulted into a substantial decrease in the drying time when the PR decreased. The drying time decreased with the increase in drying air temperature at the same level of PR. Similar drying curves were reported for intermittent and continuous microwave-convective air drying of red pepper (Soysal et al 2009) . The drying times of dill leaves to fell 0.10 kg [H 2 O] kg -1 [DM] moisture content were 47 to 89.3% shorter in continuous microwave-convective air drying compared to intermittent microwave-convective air drying applications depending on drying conditions. It has been reported that the drying process took 39, 12 and 4.4 times longer in the convective air drying treatments conducted at 50, 75, and 100°C temperatures compared with the continuous microwave drying of chard leaves conducted at 650 W microwave output power (Alibas 2006 , respectively. A constant drying rate period was not observed in the drying of the dill leaves at continuous microwave-convective air drying. An absence of constant drying period indicates that moisture removal, which is driven internally by microwave energy absorption, takes places only in the falling rate period. Similar results were obtained for continuous microwave drying of potato (Wang et al 2004) , banana (Maskan 2000) , leek (Dadali & Ozbek 2008) , garlic (Sharma & Prasad 2001) and parsley (Soysal et al 2006) . During the early stages of drying, after a short heating period, the drying rate increased reaching a maximum value corresponding to a moisture content of 0.95, and then a fast falling rate period was observed ( Figure  2 ). For intermittent microwave-convective air drying, after reaching the peak value, a relatively long constant rate period was observed followed by a fast falling rate period. The existence of a constant drying rate period indicates an efficient internal mass transfer through capillary forces (Perre & May 2007) . Increasing the PR increases the power off time providing the rest time necessary for uniform moisture and temperature redistribution resulting in increased constant drying rate period.
Results and Discussion
Drying kinetics
In microwave-convective air drying applications, 41%, 42% and 47% of the total drying time were observed at constant drying rate at the PR4-30°C, PR4-40°C, PR4-50°C drying applications, respectively. No significant effect of the drying air temperature on drying time was observed (P = 0.465). The average drying rates for 30, 40 and 50°C air temperatures were found as 0.21, 0.21 and 0.23 kg [H 2 
The moisture content of the material was very high during the initial phase of the drying, which resulted in a higher absorption of microwave energy and higher drying rates due to the higher moisture diffusion. As the drying progressed, the loss of moisture in the product caused a decrease in the absorption of microwave energy and resulted in a fall in the drying rate (Feng et al 2002) .
Modeling microwave-convective air drying
The parameters of five semi-empirical equations (Table 1) for a given microwave-convective air drying condition of dill leaves were estimated using nonlinear regression technique (Table 2 ) and the fitness is illustrated in Figure 3 . 
where; MR moisture rate, k drying constant, t drying time (min), n exponent. The effects of PR and drying air temperature were examined on the Page model constants and coefficients by multiple regression analysis using the all drying data and included in the combined model. 
where; T drying air temperature (°C), P i applied microwave power (P i = P/PR ), P microwave output power (W), PR pulse ratio. On comparing the experimental moisture ratio values with the predicted values at any particular drying condition for validation of the established model, the values lay around a straight line for dill leaves (Figure 3) suggesting that the generalized model is valid at drying air temperatures of 30-50 °C, pulse ratios of 1-4, and microwave output power of 597.2 W.
Color analysis
Lightness (L*), greenness (-a*) and yellowness (+b*) of fresh dill leaves were 40.15 ± 1.400, -10.91 ± 0.719 and 17.86 ± 2.758, respectively (Table 3) . After the microwave-convective air drying, the lightness, greenness and yellowness of the dried dill leaves were significantly decreased (P ≤ 0.05). Drying air temperature, pulse ratio and drying air temperature × pulse ratio interaction affected the L* values significantly (P ≤ 0.05) ( Table 3) . A positive effect of drying air temperature was observed. L* values were increased as the drying air temperature increased from 30 to 40 or 50 °C. It has been reported that the continuous microwave-convective drying resulted in darker product color compared to intermittent microwave-convective drying or convective drying during the drying of red pepper possibly due to the non-enzymatic browning (Soysal et al 2009) . Greenness values were significantly affected from PRs, drying air temperature and drying air temperature × pulse ratio interaction (P ≤ 0.05). Continuous microwave applications preserved the green color of dill leaves better (larger negative a*) compared to the intermittent (PR2, PR3, PR4) microwave drying applications (Table 3) . Inactivation of the chlorophyllase which breaks down chlorophyll turning the leaf yellow at lower PRs could be the reason for this outcome. The PR, drying air temperature and drying air temperature × pulse ratio interaction affected yellowness values 16 (2010) 26-36 T drying air temperature; PR pulse ratio; L* = lightness; -a* = greenness; b* = yellowness; H° hue angle; ∆E* the color difference from the fresh material 2 Means followed by the different letters in the same column indicate significant difference (P ≤ 0.05) significantly (P ≤ 0.05) ( Table 3) . Increasing the drying air temperature preserved the green (-a*) and yellow (+b*) color better (Table 3 ). The deviation from the color of fresh dill leaves (∆E*) was significantly affected from PRs, drying air temperature and drying air temperature × pulse ratio interaction (P ≤ 0.05). The total color difference increased by increasing the PR or decreasing the drying air temperature, possibly due to increased drying time. Although statistical differences were found for ∆E*, no significant change was perceived by sensory panelists for the different drying applications (Table 3 ). The contrast analysis indicated that fresh sample color parameters were significantly different than that of microwaveconvective air dried samples (P ≤ 0.05) ( Table 3) .
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Sensory evaluation
In general, the drying air temperature, the PR and drying air temperature × pulse ratio interaction had no significant effect on the sensory properties during the microwave-convective air drying of dill leaves except the effect of the drying air temperature on the visual appearance (P > 0.05) ( Table 4 ). In general, increasing the PR decreased visual appearance and overall acceptance scores (Table 4) .
Microwave-convective air dried dill leaves were acceptable (the sensory score of 5 or above out of 9) in terms of the product attributes such as visual appearance, color, texture, and flavor at all drying applications. Although continuous microwave- convective air drying at 40 °C received the highest panelist scores, no significant difference was found among treatments (Table 4) .
Conclusion
The drying technique is an important factor affecting the production of high quality dried product. The color of fresh dill leaves changed substantially during drying irrespective of the PR and drying air temperature used in this study. Decreasing the PR and increasing the drying air temperature reduced the drying time of dill leaves. In general, the continuous microwave-convective air drying treatments resulted in better quality product than intermittent microwave-convective air drying in terms of color and sensory evaluation.
Results showed that the microwave-convective air drying could be used to save in drying time and to produce high quality dried dill leaves with better physical (color) and sensory attributes.
